The database ProMode-Oligomer (http://promode.socs.waseda.ac.jp/promode_oligomer) was constructed by collecting normal-mode-analysis (NMA) results for oligomeric proteins including protein-protein complexes. As in the ProMode database developed earlier for monomers and individual subunits of oligomers (Bioinformatics vol. 20, pp. 2035(Bioinformatics vol. 20, pp. -2043(Bioinformatics vol. 20, pp. , 2004, NMA was performed for a full-atom system using dihedral angles as independent variables, and we released the results (fluctuations of atoms, fluctuations of dihedral angles, correlations between atomic fluctuations, etc.). The vibrating oligomer is visualized by animation in an interactive molecular viewer for each of the 20 lowest-frequency normal modes. In addition, displacement vectors of constituent atoms for each normal mode were decomposed into two characteristic motions in individual subunits, i.e., internal and external (deformation and rigid-body movements of the individual subunits, respectively), and then the mutual movements of the subunits and the movement of atoms around the interface regions were investigated. These results released in ProMode-Oligomer are useful for characterizing oligomeric proteins from a dynamic point of view. The analyses are illustrated with immunoglobulin light-and heavy-chain variable domains bound to lysozyme and to a 12-residue peptide.
INTRODUCTION
Protein folding and structure-function relationships are major challenges in molecular biology, biophysics, and other related fields. The three-dimensional structural data deposited in the Protein Data Bank (PDB) have played an important role in researching these problems. However, information extracted from the PDB contains mainly static structural features. It is generally recognized that both the dynamic and static aspects of protein structures are necessary to fully understand these problems. The only dynamics-related data provided in the PDB is temperature factor. This provides some information on the fluctuations of individual atoms, but also reflects crystal disorder. Since temperature factor is not sufficient for most problems on protein dynamics, it is necessary to perform computer simulations, such as molecular dynamics and normal mode analysis (NMA), to acquire more information about its dynamics from the PDB data.
NMA is a useful method for characterizing the dynamic aspects of biological macromolecules [1] [2] [3] [4] [5] . Normal modes of vibration are simple harmonic oscillations around an energy minimum and have various types of collective motions of atoms depending on their frequencies. Notably, it has been shown that some of the lower-frequency normal modes are strongly correlated with a large amplitude conformational change in proteins that has been observed upon ligand binding [6] [7] [8] [9] [10] [11] [12] [13] . Furthermore, time-averaged properties, in particular mean-square fluctuation of an atom over all normal modes, have been proven to be well correlated with the tem constituent subunits, we have two motions characteristic to the oligomer, i.e., internal and external motions of individual subunits. The internal motion is a deformation motion, and the external one is a rigid-body motion of each subunit changing their mutual disposition. Since the external motion is considered key to understanding the dynamics of an oligomeric protein, information on internal and external motions of individual subunits are incorporated in ProModeOligomer. Since a simple formula for the decomposition of motions into the internal and external parts is possible in normal mode analysis in the dihedral angle space [27] , we use this as a main characteristic feature of ProModeOligomer.
In this paper, we describe properties specific to oligomeric proteins released in ProMode-Oligomer, and provide examples of complexes of immunoglobulin light-and heavy-chain variable domains with lysozyme and with a 12-residue peptide forming an -helix.
METHOD
Referring to the papers by Wako et al., [29] and Ishida et al., [27] , we will briefly summarize the formulation for an oligomeric protein comprising two subunits. Extension to a protein consisting of three or more subunits is trivial. We use a molecular model with fixed bond lengths and bond angles. A local coordinate system is first defined for each subunit. We refer to the two local coordinate systems as systems I and II. A conformation of either subunit, i.e., a set of coordinate vectors of atoms, {r }, is calculated using dihedral angles = { i } (i = 1, 2, …, n j ; n j = n I or n II which is the total number of dihedral angles in systems I or II) as independent variables. Then, the coordinate vector of atom in system II, r II , is transformed to the coordinate vectors in system I, r I , by the following transformation:
(1) where = ( 1 , 2 , 3 ) is the position vector of the origin of system II with respect to system I, and U = {u μ } (μ, = 1, 2, 3) is a rotation matrix that describes the relative orientation of system II to system I. The elements of U can be expressed by a rotation angle s about a vector = ( 1 , 2 , 3 ) with a magnitude of s, i.e., | | = s, as follows:
where if μ = , then μ = 1, or else μ = 0; and if (μ, , ) are even or odd permutations of (x, y, z), then μ = 1 or 1, respectively, or else μ = 0.
The conformational energy E was calculated using ECEPP/3 force field [30] and minimized by FEDER/2 algorithm [29, 31] . Energy minimization was performed with satisfactory accuracy such that the Hessian matrix, F = { 2 E/ i j }, was positive definite at the energy minimum to reach, where i = i , i , or i .
The normal modes of an oligomer are calculated by solving the generalized eigenvalue problem with the independent variables , , and :
A coefficient matrix, H = {H ij }, for the kinetic energy is given as
where m and r are the mass and coordinate vectors of atom , respectively. = { ij } and I are the eigenvector and identity matrices, respectively. Matrix is a diagonal matrix whose diagonal element is (2 ) 2 , where is a frequency of the th normal mode. The th normal mode variable is given as a harmonic oscillator of amplitude A , frequency , and phase :
k B and T are the Boltzmann factor and temperature, respectively. Temperature is set to 310K in this study.
Displacement of the bth variable b , i.e., a dihedral angle, a translational variable, or a rotational variable, is given with the normal mode variable q as
Then, the displacement vector r of atom is calculated by 
where
r contains no contribution from the external degrees of freedom for the whole oligomer because ) ( b r is calculated in such a way that the whole oligomer satisfies the Eckart condition [28] . Now, we break down r into internal and external motions. The internal displacement vector of atom in subunit k is given as (10)
The time-averaged properties, e.g., three mean-square fluctuations of atom : <( r ) 2 >, <( r int ) 2 >, and <( r ext ) 2 >, can be calculated with the help of the mean-square amplitude of the normal mode variables q as
where ij = 1 if i = j, and ij = 0, otherwise. It should be noted that there is a residual term, i.e., a cross-correlation between r int and r ext ,
in the relationship among <( r ) 2 >, <( r int ) 2 >, and <( r ext ) 2 >, according to Eq. 10.
Translational and rotational vectors for the external motion of the th normal mode in subunit k are defined as follows:
where r 0 and r k G are a coordinate vector of atom in the minimum-energy conformation and the center of mass of subunit k, respectively. The summation is taken over the atoms in subunit k. The inertia tensor k is given as 
The dimensions of the two vectors, T k, and R k, , are Å and radians, respectively. The two vectors are useful for examining mutual movements of subunits.
RESULTS AND DISCUSSION

Database contents
The NMA results for more than 200 oligomers including protein-protein complexes have been released in ProModeOligomer, which is available at http://promode.socs.waseda. ac.jp/promode_oligomer. Since conformational energy minimization is time consuming, particularly for large proteins in NMA, the available oligomer proteins are limited to protein oligomers with less than 500 amino acid residues, and consequently the number of data entries is not very large.
The following data are provided for each oligomer in ProMode-Oligomer ( Fig. 1): (1) Time-averaged properties i) Total fluctuations of atoms in the whole oligomer and internal and external fluctuations in individual subunits averaged over atoms in every residue and plotted against residue number.
ii) Fluctuations of main-chain dihedral angles and and a side-chain dihedral angle 1 plotted against residue number.
iii) Correlations between total fluctuations of C atoms in the whole oligomer, which are represented in a triangular map.
iv) Inner products of internal and external displacement vectors of atoms defined in Eq. 12, which are given in the temperature factor column of a PDB-format data file.
Residues with large negative values are indicated by color in the 3D structure on a molecular viewer. ii) Fluctuations of main-chain dihedral angles and and a side-chain dihedral angle 1 plotted against residue number.
iii) Correlations (inner products) between displacement vectors of C atoms in the whole oligomer, which are represented in a triangular map.
iv) Animation of the vibrating oligomer on a molecular viewer.
v) Displacement vectors of atoms for total fluctuation in the whole oligomer and for internal and external fluctuations in individual subunits defined in Eqs. 8-10, and translational and rotational vectors for the external motion defined in Eqs. 13 and 14. They are displayed on a molecular viewer and magnified for clarification. Data only for the 3 lowest-frequency normal modes are available.
vi) Inner products of internal and external displacement vectors of atoms defined in Eq. 12, which are given in the temperature factor column of a PDB-format data file.
Residues with large negative values are indicated by color in the 3D structure on a molecular viewer.
A brief comment is necessary on 1-iv and 2-vi. Atoms with a negative inner product of internal and external displacement vectors are predominantly found at the interface of subunits. This means that the external motion has an almost inverse phase with the internal motion to attenuate the total motion. This is an important characteristic of oligomer interfaces. In ProMode-Oligomer, the atoms with a negative inner product are indicated in the three-dimensional structure by color on a molecular viewer, and thus the interface region is suggested from a dynamic perspective.
In addition, it is possible to compare the monomeric and oligomeric states of the oligomers because the NMA results for individual subunits are also provided in ProMode (http://promode.socs.waseda.ac.jp/).
Examples
We illustrate the analysis of oligomeric proteins by two complexes of Fv fragments, i.e., dimers of immunoglobulin (Ig) light-and heavy-chain variable domains with lysozyme: 1bvk comprising chains A, B, and C [32] , 2dqj comprising chains L, H, and Y [33] , and a complex of the Fv fragment with a 12-residue peptide 1p4b comprising chains L, H, and P [34] , where the three complexes are referred to by their PDB code names. Lysozyme binds to the Fv fragment in different manners in 1bvk and 2dqj.
The structural alignments of the three complexes are shown in Fig. (2) . There are four kinds of chains: Ig light chains (1bvkA, 2dqjL, and 1p4bL), Ig heavy chains (1bvkB, 2dqjH, and 1p4bH), lysozyme (1bvkC and 2dqjY), and a 12-residue peptide (1p4bP). The structural alignments are performed separately for Ig light and heavy chains on the MATRAS web site [35] . Lysozyme (1bvkC and 2dqjY) has an identical amino-acid sequence. The peptide (1p4bP) does not have any counterpart to be aligned with. The fluctuations of the Fv fragments in the three complexes have similar features in the total and internal fluctuations of atoms (Figs. 3a and 3b) . However, significant differences are observed in the external fluctuations (Fig. 3c) . The external fluctuation that originates rigid-body motions of Ig light-and heavy-chains is largest in 1bvk and smallest in 1p4b. Since the Fv fragments in 1p4b bind much smaller polypeptide than lysozyme, they behave like a single-chain protein with less effect from the polypeptide. On the other hand, there are significant differences in the fluctuations of lysozyme. Both the total fluctuations in the complex and external fluctuation for lysozyme 1bvkC are larger than those of 2dqjY (Figs. 3a and 3c) . The difference between the internal fluctuations for the two lysozymes, 1bvkC and 2dqjY, is relatively small (Fig. 3b) . These results indicate that the Fv fragment and lysozyme are bound more loosely 
Fig. (2).
Multiple structural alignments of three complexes, 1bvk, 2dqj, and 1p4b. The structural alignments of the Fv fragments were performed separately for individual chains at MATRAS web site [35] . The -helix and -strand are indicated by letters, h and e, respectively, for each sequence based on the PDBsum [38] and numbered such as 1, 2, …, and 1, 2, ... for referring to them. A complementarity determining region of immunoglobulin is indicated by "CDR". The residue whose cross-correlation between internal and external motions is less than 0.02 is indicated by the red color of the amino acid name in the amino acid sequences. The residues in lysozyme, 1bvkC, forming hydrogen bonds with antibody residues identified by Holmes et al. [32] are indicated by the red color of the letters, h, e, or an asterisk for the relevant residue. The epitope residues in lysozyme, 2dqjY, defined by Kondo et al. [36] are also indicated in the same way. in 1bvk than in 2dqj, and thus the individual chains in 1bvk can behave more freely and more like a rigid body.
From Fig. (3) , we consider that the size of atomic fluctuations in the total motion of the complex reflect the internal motions of individual chains because Fig. (3b) resembles Fig. (3a) more than Fig. (3c) does. However, Fig. (4) provides a different perspective. The directions of the displacement vectors in the total motion of the complex (Fig. 4a ) seem well correlated with those in the external motions of the individual chains (Fig. 4c) . The same is true for other lower-frequency normal modes of 1bvk, 2dqj, and 1p4b. This suggests that the external motions of the individual chains are mainly responsible for the lower-frequency normal-mode motions of the whole oligomer. The apparent inconsistency between Figs. (3 and 4) , i.e., which motion is dominant in the total motion, internal or external one, can be explained as follows. The directions of the displacement vectors are mainly determined by the external motions. However, the external motion is a rigid body motion and thus the variation in the sizes of the displacement vectors is relatively small as seen in Figs. (3c and 4c) . On the other hand, the directions and sizes of the displacement vectors for the internal motions are much more mixed. The variation in the sizes of the displacement vectors in the internal motions of the individual chains in Fig. (4b) is more impressive than that in the external motions in Fig. (4c) . Specifically, large fluctuations in the internal motion are prominently reflected in the total motion, and thus the fluctuations shown in Figs.  (3a) for the total motions and Fig. (3b) for the internal motions seem to have similar features.
Let us consider the fluctuation of lysozyme in more detail. Lysozyme is composed of two domains, -domain (1-39 and 89-129) and -domain (40-88) (Fig. 5) . The former is an -helix-rich domain and the latter a -sheet-rich one. The helix-loop-helix (HLH) motif (89-114; 4-6) located at the upper lip of the active site and also in the -domain is known to play a key role in antimicrobial function [37] . In the 1bvk complex, lysozyme interacts with the Fv fragment at three regions: a loop between -helices 1 and 2, a loop between -helices 4 and 5 that is also a loop in the HLH motif, and the C-terminal (see Fig. 2) . Correspondingly, the large fluctuations occur in the other regions that do not interact with the Fv fragment, e.g., the latter half of the -domain and the first -helix 4 in the HLH motif. In particular, the fluctuations of the loops around residues 47 and 70 in thedomain are remarkable. They are most remote from the interface with the Fv fragment (see Fig. 7 below) . In contrast, lysozyme in 2dqj interacts with the Fv fragment at three different regions in 1bvk: a loop between -helices 1 and 2 that is common to 1bvk, an irregular region around residues 73 and 75 in the -domain, and the first -helix 4 in the HLH motif (Fig. 1) . The fluctuations are largely suppressed except for the loops around residues 47 and 70 and the Cterminal. While an open-close motion between -anddomains of lysozyme is suppressed by the interaction with the Fv fragment in 2dqj, it is allowed in 1bvk. The fluctuations around residues 35, 52, 62, and 63 involved in a ligand binding pocket located at the interface between the two domains are significantly smaller than for other residues in either complex.
The mean cross-correlations between internal and external fluctuations in Fig. (3d) indicate the angles between internal and external displacement vectors of individual atoms averaged over all normal modes. A negative value means that the internal motion tends to be in the opposite direction of the external motion, and consequently, the total motion of the atom is attenuated. Such a situation is observed at six complementarity determining regions (CDRs) and a loop between -strands 4 and 5 in both light-and heavy-chains of 1bvk and 2dqj. In addition, the -domain comprising Nand C-terminals of lysozyme in 1bvk has a large negative cross-correlation value. Figs. (2 and 3d) show that such residues with a large negative value of cross-correlation have (a) (c) (b) good correspondence with the residues in CDRs in Ig lightand heavy-chains, with the residues forming hydrogen bonds with Ig residues in lysozyme 1bvkC identified by Holmes et al., [32] , and with the epitope residues in lysozyme 2dqjY defined by Kondo et al., [36] .
These situations are clearly shown in Fig. (6) . The atoms with relatively large negative In Fig. (7) , the translational and rotational vectors of the three lowest-frequency normal modes defined for individual subunits are shown for the three complexes. Their sizes and the angles between them are summarized in Table 1 .
Although the sizes of the translational vectors cannot be compared with the rotational vectors directly, we can make a rough comparison by using the calculation that the length of an arc of a circle with a radius of 15Å and subtending an angle of one degree is 0.26Å. In fact, since the radii of gyration of the individual chains are around 13Å, the rotational motions of atoms distant from the center of mass are more dominant than the translational motions.
Interestingly, these vectors of the three normal modes are perpendicular to each other in general. This suggests that various motions are possible by combining them. On the other hand, since the magnitudes of these vectors differ, there are some motions more dominantly involved in actual movement. Such motions characterize the complexes from a dynamic point of view.
For example, while the three rotational vectors in lysozyme of 1bvk are comparable to each other, the rotational vector of mode 1 is dominant in 2dqj. This fact indicates that while lysozyme is allowed to rotate around various axes that combine the three rotational vectors in 1bvk, it predominantly rotates around the axis of mode 1 perpendicular to the interface with the Fv fragment in 2dqj. On the other hand, the translational vector of the peptide in 1p4b is remarkably large in mode 3. The peptide moves perpendicular to the -helix axis in it and along the interface with the Fv fragment. The translational vectors of the peptide for modes 1 and 2 that are perpendicular to the interface are not very large, but considered to be characteristic motions of the peptide.
The mutual directions of the translational and rotational vectors among the three chains for a given normal mode are also important. The mutual movements of the three chains can be classified into three types based on the results, as shown in Fig. (8) . In motion type 1 (MT1), the vectors of two chains point in the opposite direction to each other and the third vector is perpendicular to them. In motion type 2 (MT2), the vectors of two chains point in similar directions, but the third vector is in the opposite direction. In motion type 2 (MT2 ), the vectors of two chains point in roughly similar directions, but further apart than motion type 2, with the third vector in the opposite direction. Although other motion possibilities exist for the chains, only these three types were found for the three lowest-frequency normal modes examined. More precise definitions for these motion types are given in the caption of Fig. (8) .
As far as the rotational vector is concerned, the three complexes are well characterized by the above motion types. In 1bvk, any motion types for the three normal modes are MT2, in which the rotational vectors of the light-and heavychains have the same direction and that of the lysozyme has the opposite direction to them. In 1p4b, any motion types of the three normal modes are MT1, in which the light-and heavy-chains move in the opposite direction to each other and the rotational vector for the peptide is perpendicular to them. The motion types of 2dqj are either MT1 or MT2. This fact suggests that the three chains behave in a more complicated manner than the other complexes because the three chains of 2dqj interact with each other more strongly than 1bvk and the sizes of the three chains are comparable to each other, unlike 1p4b (the number of residues are 108, 116, and 129 for A, B, and C chains of 1bvk, respectively; 107, 114, and 129 for L, H, and Y chains of 2dqj, respectively; 110, 112, and 12 for L, H, and P chains of 1p4b, respectively). 1p4b is like a single-chain protein composed of two domains.
In contrast, every complex has a mixture of the motion types for translational vectors probably because the translational motions are not dominant in the external motions. There are interesting common features among the three complexes for the translational motions: (i) every complex has a normal mode of motion type MT1 in which the light chain moves in the opposite direction to the heavy chain while the lysozyme and peptide move in a perpendicular direction to them, and (ii) every complex has a normal mode of motion type MT2 or MT2 in which the light-and heavychains move in similar directions while the lysozyme and peptide move in an opposite direction to them. More detailed movements for these complexes are visualized by animation on the molecular viewer in ProMode-Oligomer.
Finally, the correlations between C atom movements averaged over all modes and time for 1bvk and 2dqj are shown in Fig. (9) . Mean correlative motions between the subunits and between the domains in lysozyme appear clearly in these figures. Many positively correlated residue pairs within the Fv fragments (chains A and B of 1bvk, and chains L and H in 2dqj) suggest that the residues move together in each of them. In contrast, there are two groups of residues in lysozyme (C and Y chains in 1bvk and 2dqj, respectively) that constitute -domain and -domain. While the residues within the same domain move together with positive correlation, the pairs of residues in the different domains move in the opposite direction to each other with negative correlation. This is an open-close motion between -and -domains. As for inter-chain movements, each chain moves in a negatively correlated manner with other chains in general. Particularly, the large negative values betweendomain in lysozyme and the Fv fragments are remarkable. More negatively correlated residue pairs in 1bvk than 2dqj result from the fact that the Fv fragment and lysozyme are bound more loosely in 1bvk than in 2dqj, and thus the individual chains in 1bvk can behave more freely and more like a rigid body as discussed above. This kind of correlation maps are also given for each of the 20 lowest-frequency normal modes in ProMode-Oligomer, and useful for characterizing not only inter-chain motions but also domain motions.
CONCLUSION
ProMode-Oligomer is a database collecting NMA results for oligomeric proteins and protein-protein complexes. As in Fig. (8) . Three types of mutual motions for subunits. They are defined as follows: Motion type 1, MT1(U, V, W) = {60º Ang(U, V) < 120º, 60º Ang(V, W) < 120º, 120º Ang(U, W) 180º}; Motion type 2 , MT2 (U-W, V) = {60º Ang(U, W) < 120º, 120º Ang(U, V) 180º, 120º Ang(W, V) 180º}; Motion type 2, MT2(U-W, V) = {0º Ang(U, W) < 60º, 120º Ang(U, V) 180º, 120º Ang(W, V) 180º}, where U, V, and W are translational or rotational vectors of the three subunits, and Ang(U, V) is the angle between vectors U and V. It should be noted that the order and the notation of arguments in MT1, MT2 , and MT2 has significant meaning for the orientations of the three vectors.
the ProMode database for monomers and individual subunits of oligomers, NMA was performed for a full-atom system using dihedral angles as independent variables, and the results (fluctuations of atoms, fluctuations of dihedral angles, correlations between atomic fluctuations, etc.) were released on the web. The visualization of vibrating oligomers by animation on a molecular viewer is helpful for creating an image of the dynamic structure of a protein. In addition, a decomposition of displacement vectors into internal and external ones makes it possible to provide information about the mutual movements of the subunits, such as translational and rotational motions, and also about the characteristic relationship between the internal and external motions of atoms around an interface region. In this paper, what we have learned in ProMode-Oligomer is illustrated, with the Fv fragments forming complexes with lysozyme and with a 12-residue peptide. Additionally, a comparative study has been shown to be more fruitful from this analysis.
Protein oligomerization is a remarkable strategy for producing functional divergence in protein evolution. Threedimensional structures of oligomeric proteins have been studied to reveal oligomerization mechanisms, paying particular attention to their subunit-subunit interface regions. However, there are many varieties of oligomerization behaviors, and thus it can be difficult to find not only common features, but also some aspects useful for characterizing individual oligomers. In such a situation, it is important to investigate them from various perspectives. The dynamic features of their three-dimensional structures should contribute to solving this problem. ProMode-Oligomer can be a useful first step towards understanding the dynamic structures of oligomeric proteins and protein-protein complexes. In this manner, we are now investigating the interfaces of dimeric proteins by NMA to characterize them from a dynamic point of view with the results to be published later.
Since it is difficult to exhaustively perform NMA on PDB data due to the CPU-intensive energy minimization required in a framework of orthodox molecular mechanics, only a small number of results has been released at ProMode-Oligomer. In order to overcome this problem, the elastic-network-model (ENM)-based NMA is a promising approach for performing NMA on PDB data exhaustively, although it is still important to perform NMA in the orthodox manner. We are developing an ENM-based NMA program using dihedral angles as independent variables. With this program we are hoping to perform computations for all atoms in any molecule in the PDB to take advantage of the smaller number of independent variables required. These results will also be released on the Web. 
